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Two hippocampal sectors show distinct responses to transient ischemia: the cornu Ammonis 
(CA)1 sector undergoes a delayed neuronal death followed by a lack of neuronal generation, whiie 
the dentate gyrus (DC) shows slight postischernic damage followed by an increased neurogene- 
sis. Using the monkey experimental paradigm of transient whole brain gbbal ischemia, the 'cal- 
pain-cathepsin hypothesis' was formulated in 1998. This hypothesis proposes that following 
ischemia calpain compromises the integrity of lysosomal rriembrane, causing a leakage of de- 
grading hydro lytic enzyrrses ~ cathepsins ~ into the cytoplasm, ischemia induces Ca'^' mobiliza- 
tion, calpain activation, lysosomal membrane disruption, and cathepsin release, which all occur 
specifically in the CAl sector and cause neuronal death, in the postischernic DC, a vascular niche 
has been implicated in adult neurogenesis, in that adventitiai cells of the DC microvascular envi- 
ronment provoke postischernic up-reguation of neurogenesis with the aid of brain-derived neu- 
rotrophic factor and polysialylated form of the neural cell adhesion molecule. In parallel, Down's 
syndrome cell adhesion molecule has recently been shown to be expressed specifically in the neu- 
ral progenitor cells of DC. in this review, we focus on the monkey experimental paradigm to reveal 
the remarkable contrasts between CAl and DG in response to the ischemic insult. 
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1 Backgrosjnd 

F'Lorn rodents [1, 2] t;o prJrnates [3~5], txanslent brain 
isc:hemia is well known to cause delayed neiirorial deat:h 
in the hippocaEnpal cornii Armnonis (CA)i sector. Delayed 
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neuronal death, is c^ornplete within 5-7 ciays alter, the 
ischeiiiic insult, but it still remaiiis iiiicertairi which cas~ 
c:ade, apoptosus or nec:;rosis, is mainly in.volved in CAl 
neiitonal deatJri. Whether ischemic neuronal death occurs 
by apopto^ris or neciosis, depends not only on the experi- 
rnentHl paradigm 'global or focal" and. ''tEansierit or pei- 
manent isc^heniia", but also on the experimental si]bjec:;1:f; 
"rocients or primates" and "fetal or aciult brain" ['"/],. Cys- 
teine proteases, such as caspaf^es, have been c:laimed. to 
be a key factor for the apoptosiS; cascade espec^i.ally in ro- 
dents [8j, because caspase inhibitors can attenuate cer- 
tain types of neuronal death [9-12]. Mechanisms other 
than caspase inhibition, however, have been shown to ex- 
ert neuroprotective eliects in the primates, cathepsin in- 
hibitor GA-074 and E64c do not block caspases but 
nonetheless inhibit neuronal necrosis of the ischemic 
monkeys, ^accordingly, Yamashima et al. [131 formulated 
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the 'calpain-cathepsin hypothesis' i:n. 1998 that posits a 
critical lole of other 1:ypes of cysteine proteases, calpain 
(EC 3.4.22.1.7) and cathepsins 3 (EG 3.4.22.1.) and L (SO 
3.4.22.15), on executing neuronal necrosis [7, 13|, Subse- 
quently, calpain and cathepsin have been confirmed to 
play an essential role in neurodegeneration in Caenorhab- 
diiis elegans |14|- VVith accumulating evidence implicat- 
ing the calpain-cattiepsin cascade in species from C. ele- 
gans t;o primates, the roles of these two cysteine proteas- 
es have been confirmed in many expeiimemal paradigms 
and animals as well as in trurnan degenerative diseases 
[15-32!. 

Neurogenesis is the process of neuronal generation by 
brain stem/progenitor ceils. In mammals including ro- 
dents [33-371 cii^^d- primates [38-4:0]; it has been estab- 
lished that nevv^ neurons are generated in the dentate 
gyrus (DG) of the adult hippocampus. Neuronal progeni- 
tor cells (immature neuronal precursors) proliferate in the 
subgranular zone (SG-Z) of the DG: the thin lamina of ap- 
proximately 100 fim bet^A^een the hippocampal hilus 
(CA4) and the granule cell layer (GCL). Young neurons in 
the SGZ gradually develop morphological and functional 
properties of dentate granule cells and become integrat- 
ed into pre-existing neuronal circuitries of the GCL [41]. 
In both rodent [42, 43] and primate hippocanipi [44-47], 
neuronal production is known to be up--regulated after an 
ischemic insult. The recruitment of neural precursor is 
considered to be crucial for the neurogenesis. Palmer et 
aL [48] reported that, in the rat SGZ, neurogenesis occurs 
in a vascular micro environment via endothelial precur- 
sors. Later, at the ultras true tural level, Yam.ctshim.a et aL 
[46] found in the postischemuc monkey SGZ that the vas- 
cular adventitia is a potential source of neuronal progeni- 
tor cells. Dore-Duff^,'' et al. [49] confirmed this finding by 
the isolation and culture analyses of rat primary pericytes, 
shov\7ing that microvessels of the central nervous system 
contain NG2~ and nestin -positive pericv'tes that can repli- 
cate in response to basic fibroblast growth factor (bFGF) 
and differentiate into astrocytes, oligodendrocytes or neu- 
rons. Further, Jin et a'. [50] confirmeci in human, stioke pa- 
tierite that; newly formed neurons in the ischemic penum- 



bra are prefesrentiially localized in. the vicinity of nestin- 
positive adventitial cells. 

T'fie nronkey expS5rimei].tal paradigm ot i-be transissnt 
global ischemia [6] is appjropriate for considering the 
mechanisms of both CAl neuronal death and adult DGr 
neurogenesis occurring in the same hippocampus. The 
two events of neuronal death and genesis occur in adja- 
cent brain areas and at comparable time points; neuronal 
death is complete within the 1st week in the CAl,. while 
neurogenesis becomes maximal at the 2nd week after 
ischemia in the neighboring DG. This review discusses 
the mechanisms of ischemic neuronal death and adult 
neurogenesis, with particular attention being paid to the 
role of lysosomal disruption and. the vascular niche. Here 
we claim that cathepsins released from lysosomes are the 
final exe outers of neuronal necrosis, Vv^hile ischemia -in- 
duced vascular proliferation is indispensable for adult 
neurogenesis. 

2 Anatomy of monkey hippocampus 

The Japanese m.onkey (Macaca mscata) brain is quite 
similar to the human brain. Although much sm.aller than 
the hmnan hippocampus, the basic architecture of m.on-- 
key hippoGSTnpus is siir-ilar to humans, being located m 
the m.edial tem^poral lobe of the brain. Com.pared to the ro- 
dents, hovv^-ever, the hippocampus of primates occupies 
less of the cerebrum in proportion to the cerebral cortex, 
but is much larger The anatomist Giulio Cesar e Aranzi 
(circa 1564) first used the term "'hippocampus' to denote 
its visual resemblance to a 'seahorse'. A coronal section 
of the hippocamipus reveals the internal structure as two 
interlocking ' Cs' with one being reversed in relation to the 
other. One C makes up Am. men's horn comprising sectors 
CAl -4 (frequently called hilus) (Fig. la), while the other C 
m.cikes up the DG. Although the DG is commonly includ- 
ed as a part of the hippocampus, it Is cytocirchitectonical- 
ly distinct from the hippocam.pus proper [51-54]. 

}rura-2 imaging in vltio of hippocampal acute slices 
with hypoxia-hypoglycemia using an Argus cameia [6] 




Figure I.The schematic architecture of monkey hippocampus and Ca^"^ imaging, (a) A coronal section of the hippocampus reveals two interlocking ;,Ci>": 
one C is the CA comprising sectors CAi -4, while the other C is the DG. CAi shows delayed neuronal death in the 1st week after ischemia, while the DG 
shov,^^ neurogenesis in the postischernic 2nd week. MTGj middle temporal gyrus; ITG, inferior temporal gyrus; PHG, parahippocarnpal gyrus, (b) Ca^"" im- 
aging of the hippocampai acute slice using an Argus camera (Han'-amatsu Photonics, japan) and Fura-2 clearly demarcates the CAl sector (asterisk), 
showing the area of the greateist Ca^"'" mobilization during w vitro hypoxia-hypogiycemia, which mimics in i^ii'o cerebral ischemia. 
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can cieariy define the area oi: the C Al sector because this 
has the gre'a.test Ca^^' mobilization (Fig. lb; showri by xhe 
asterisk). The derciarcatioii of the CAl sectoL highly cor- 
responds with an area of greatest Ca^'"" inobilization. This 
Ca^' - mobilization during the ischemic insult specifically 
occurs in CAl and serves as a trigger of the caipain- 
cathepsin cascade, which is a cause of delayed neuronal 
death. 



3 Lysosomal disryption arid cathepsirs release 

Ca^* mobilization in CAl induces sustained activation of 
calcium-activated neutral protease calpain within this 
sector [6, 55 1. After activation calpain is transferred from 
the cytosol to the lysosomal m.em.brane, causing its dis- 
ruption, which can be confirmed by electron microscopy 
[13j. Because the lysosome-associated membrane pro- 
tein--2 (LAMP -2) is physiologically localized at the lysoso- 
mal membrane, a wdde -spread translocation of LAMP-2 
(Fig. 2) seen using immunohistochemistr>^ indicates lyso- 
somal disruption. Laser confocal analysis reveals ver^^ fine 
granules of LAMP-2 in the perikarya of the control CAl 
neurons and the surrounding glial ceils (Fig. 2, C). In con- 
trast, from imm.ediately after ischemia (Fig. 2, 3 h) up to 
day 1 (Fig. 2, dl).. the immjunoreactivitv' of lysosomes in- 
creases, showing a coarse -granular pattern. Importantly, 
such increase of LAMP-2 immunoreactivity occurs 
specifically in the CAl sector, while the neighboring CA2 
sector shows alm^ost no imimunoreactivity (Fig. 2, dl, left). 
On day 3 after ischemia (Fig. 2, d3), nearly the entire 
perikarya of CAl neurons and also the proximal axons 
shov\r a remarkable LAMP--2 imimunoreactivity depicted 
by scattering of lysosomal mem^brane debris. The LAMP- 
2 signal becom.es intense throughout the perikarya, 
demonstrating a remarkable contrcist to the control (Fig. 
2, C). As LAMP-2 was localized at the lysosomal mem- 
brane before ischemia, such translocation indicates an 
impaired integrity of the lysosomal m.emibrane. On day 5 
(Fig. 2, d5), the number of immunoreactive CAl neurons 
and their irntniino intensity decrease with occurrence of 
neuronal cl.eath. T'he dynamic c:hange of L«AM;P-2 was 
giossly consistent with that; of LAMP-1 [55], 

The pattern of cathepsin immunoreactivity before 
ischemia is c^haracterizeci by small granules colocalized at 
the lysosomes in the perikarya (Fig. 3, C), but; there is no 
del:ectable immunoreactivity w:Ltbin. the nucleus. In, con- 
trast, on day 1 after ischemia (Fig. 3, dl), the cathepsin 
immurioreactivity shows coarse granules that aie partial- 
ly tran£;fe:tred int;o the nucule us. This :Lnd.ic:;ates lysosomal 
m.ernbrane di£;ruption, resulting in leakage of cathepsin 
enzymes into the cytoplasm and transfer into the nucleus 
(Fig. 3; dl). l>anslocation of not only cathepsins B and D 
(Fig. 3) but also cathepsin L [7, 13] and DNas^e 11 [56] was 
demonstrated in the postischemic CAl neurons from i:m- 
mediately after ischemia until day 3. An alternative ex- 




Figure 2. Transiocaiion of LAMP-2 into the perikarya in the CAl neurons 
especially on days 1---3 after ischemia. FITC (white) exhibits only punctuat- 
ed labeling oFLAMP-2 in the control CA: neurons (C). in contrast, from 
immediateiy after ischemia (3h) until day 1 (di) immunoreactivity of lyso- 
somes increases throughout the perikarya especially in CAl (left, dl). On 
day 3 after ischemia (d3), LAMP~2 immunoreactivity becomes maximal, 
then deteriorates until day 5 (d5). Bar, 20 fj.m (left dl : bar, 100 ^.m). 



planation of the cathepsin immiunoreactivity within the 
nucleus, other than lysosomal disruption, might be the 
failute of lysosomal targeting of the newly synth.esized 
c:athepsins {e.g., due to cleavage of cytoskek;t;on by cal- 
pains) and misdirection of them to the nucleus. 

4 Morphology of CAT nsurons Defore and after 
ischemia 

The normal CAl neurons before ischemia show I'ound and 
vesicular nuclei by light micioscopy (Fig. 4, C), In con- 
trast, on day 7 (F'ig. 4., 67), all CAl neurons reveal 
eosinophilic coagulation neciosis that is c:;haracteri/:.eci by 
the reddish, shrunken cytoplasm and diffusely condensed 
nucleus, but no detectable apoptotic features. Prior to 
ischemia, the CAl neuron ulti:astructura.lly displays a 
vesicular chromatin distribution, an intact cell mem- 
brane, and membrane-bound lysosomes (Fig. 4, C). In 
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Figure 3, Trans iccati on of cathepsin eiizyrries after the 2Q-\r'.\ri whoie brain 
ischernis. The cathepsin B and 0 irrnriunoreaclivities (green) before is- 
chemia (C) are seen as smail granules in the perikar/a^ in contrast, on day 
1 after ischemia (d1), they become coarse granuies, which are partially 
transferred into the nuclei (arrows). The nuclei are counterstained red 
with propidium iodide. Sar, 20 um. 

contrast, the postischemic CAl neuron on day 2 (Fig. 4, 
6.2) ultrastructurally exhibits punctuated chromatin con- 
densation., but never shows dense chromatin condensa- 
tion called apoptotic bodies. The cytoplasm becom.es 

more electron dense compared to the control, showing a 
m.arked degeneration such as vacuolation of rough endo- 
plasmic reticulum, and Golgi apparatus, and swelling of 
m^itochondria. Lysosomal membrane disruption causes 
scattering of the tiny lysosomal granules throughout the 
cytoplasm^ (Fig. 4, d2). The postischemic CAl neurons on 
day 5 display obvious membrane disruption and lysis of 
cell organelles that are characteristic of necrosis (dcita not 
shovvTL). 

5 Density of vessels and progenitors 

Although the CAl shovv^s an alm.ost total loss of pyramidal 
neurons up to days 5-7, vessel density is significantly in- 
creased m the CAl com.pared to the DG on day 4 after is- 
chemia (Fig. 5a).. Considering' that FllV CXC chemokines 
includiiig IL-S have potent ar^giogenic activities, the c:;o- 
orciinate expression of ELR' CXC ch6imokir}es and theii 
receptor CXCR2 in, the proliie rating microglial celis (see 
below) may be reslatec] to ttiis capillary proliferation in the 
postischemic CAl [57]. Interestingly, within a few days 
after the isch.emi.c insult, CAl shows neuronal loss; on the 
one tiand,, but vascular proliieratio.n in on tJrie othe^r. As re- 
ported in our previous sniidies using the monkey experi- 
iiienta.l paradigm. [44, 46, 58], thie proliferating c^ells that 
have incorporated bromodeoxy uridine (BidU) are ob- 
seived in both the control and postischemic monkeys. 
The Brdll* cell density is significantly more intense in the 
postischemic hippocampus compared to the control. Dy- 
namic changes of the density of BrdU"'" nuclei occur in. 
both CAl and DG (Fig. 5b). Consistent with the time point 
of increase of vessel density (Fig. 5a), incorporation of 




Figure 4. Light and electron fnicrophotographs of the control and postis- 
chemic CA"! neurons. Compared to the non-ischemic control (C), the CAl 
neurons 7 days after ischemia {d7) disclose eosinophilic coagulation 
necrosis on hernatoxylin-eosin staining (upper). 3y electron microscopy 
(lower), the control CA1 neuron (C) shows intact ceii membrane and 
mernbrano-bourid lysosoi'T-ies. \r, ccritrast, the CAl neuron on day 2 after 
ischemia (d2) displays marked vacuolation of organella and scattering of 
the lysosomal granules throughout the cytoplasm (asterisks). Bar, SOsim 
(upper), 2. urn (lower). 



BrdU in the CAl reaches plateau on day 4, and by day 15 

the number of BrdU -labeled cells is more than tenfold that 
of the control The increase of BrdU labeling in the DG is 
less remarkable than that of the CAl. The pattern of 
postischemuc BrdU labeling in the DG is different from 
that of the CAl , with immunoreactivit^,'- reaching peak on 
day 9 (fivefold tha t of controls) and slightly decreasing by 
day 15 (fourfold that of controls). These increments are 
statistically significant as compared to the control. 




C D1 D4 C D4 Dd DIB 



Figi^reS. Dynan-iic change of vessel and progenitor densities. Density of 
vessels (a) and bromodeoxyuridine (BrdU)^" celis (b) is compared between 
DG (open circles) and CAl (closed circles). The pixel numbers of anti^ 
CD31 antibody-positive areas were measured on ten randomly chosen vi- 
sual fields of each areas atxlOO magnification with the aid of Adobe Pho- 
toshop software. BrdU^ nuclei were counted blindly on eveiy 12th section 
per anirnai and quantii^ed densitometrically (cel!s/mm^). The asterisks in- 
dicate *p<0.05, **/?<0X)!, **%<0.001, respectively, and the statistical 
analysis used is one-way AN OVA to 11 owed by Fisher's PLSD. 
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Figusre 6. Spatial reiationship of the BrdU ' progenitor ceiis (b, e) to the 
biood vesseis in the DG of day 9 sfter ischernis, (a~c) One BrdU+ ceii is 
colabsied with a mature nsurona! marker NeuN, while another is localized 
in close proximity with RCA^ vessel, (d-f) One 3rdU- cell is colabeled with 
an endothelial cell marker von V/iiiebrand Factor, while the other two are 
not colabeled and localized at the adventitia. Bar, 20jiirn. 



6 Vascular and microgfiaS proliferation 

On day 9, some BrdU"^ cells m GCL are colabeled with the 
mature neuronal marker NeuN, while others are positive 
for the vascular marker RCA (Fig. 6a-c). To investigate the 
spatial relcitionship between endothelial cells and the 
ErdU"^ progenitor cells localized in the vicinity of blood 
vessels in GCL (Fig. 6c), we performed double- imm.unola- 
beling for ErdU and endothelial cell marker von VVillebrand 
Factor (Fig. 6d-f). BrdU"^ cells are shown to be localized 
very close to the microvessels stained by von VVillebrand 
Factor [45, 48]. Some cells are shov\7n to be completely 
overlapping with von Willebrand Factor" endothelials cell, 
while others are not colabeled, but rem.ain in close prox- 
imity to endothelial ceHs (Fig. 6f). These distinct types of 
ErdU^ cells (Fig. 5f} correspond to endothelial cells or ad- 
ventitictl cells, respectively, as confirmed by im^munoelec- 
tron inicioscopy (Fig, 7) [46]. 

Using imiiiunoelectron rnicroscopy with no counter- 
stain.ii:ig, BidU" riuc::iei aie iden.ti.fied. easily at t.he vasculai 
wall of the CAl and DG because of their hlgfi electron 
density due to diamine b£5nzidi.rie. Some oi' the Brd.XJ"^ elon- 
gated nuclei are endothelial cells lining the lumen with, a 
c::ha[ac^teri.stic: crjpp^jd morph.ology, while others display 
morphological features of adventitial ceWs (Fig. 7). These 
BrciXJ"'" adventitial cells were identified to be either Ibal''' 
iiilcroglia oi Down's syndrome eel] adhesion molecule 
(DSC AM) ' neural progenitor cells by immunoeiectron mi- 
crosc^opy using specific anti.bociies. The latter are (capable 
of differentiating Into immature neurons and/or glial cells 
in SGZ and GCL [46]. 

In both the CAl (Fig. 8, d9) and DG (Fig. 8, d8), mi- 
croglial encompassment is seen around the endothelial 
cellS; which is more remarkable in the postischemic hip- 




Figure?, immunoeiectror! rnicroscopy of BrdU in the proliferating mi- 
crovessels of the DG 4 days afr.er ischemia. BrdU ' nuclei are revealed by 
high electron density, being comprised of endothelial (E) and adventitial 
cells. The BrdU" adventitial ceiis are either ibaV" microglia (M) or IbaV" 
neural progenitor ceils (P). No counterstain. L: vascular lumen. Bar, 2 f.im. 



pocampus compared to the control. Microglial cells with 
elongated BrdU"^ nuclei can be clearly identified by im - 
m-unoelectron miicroscopy (Fig. 8, d9). Because of the slen - 
der shape, high electi-on density and periendothelial lo- 
calization, the microglial cells are also easily identifisiDle 
by conventional electron microscopy (Fig. 8, d8). Neuronal 
progenitor cells are detected within and outside the vas - 
cular basement membrane (Fig. 8, dS), and are considered 
to be in vivo primiary precursors of immiature DG neurons 
and astrocytes. Vvhereas adventitial microglia are seen in 
both the CAl and DQ, adventitial neuronal progenitor 
cells are observed only m DG. This appears to be one of 
the reasons why neurogenesis occurs in DG and not in 
CAl. Interestingly, after ischemxia, the CAl contained 
m-ore BrdU^ progenitors than the DG (Fig. 5), but the neu- 
ronal progenitors were m^ore abundcint in the DG com- 
pared to CAl after ischemia. 

The spatial relation between ErdU"^ cell cluster con- 
taimng neural progenitors and Ibal^ microglia in the pe-- 
riadventitial space, is visualized by laser confocal mi- 
croscopy in an orthogonal projection comiposed of 4 opti- 




Figi^re S. Ultrastructural identificatior! of the adventitial ceiis. The siender 
ceiis encompassing thf; proliferating capiiiary lumen (L.) are confirmed in 
both CAl (d9} and DG (dS). In the former they are positive for microglia 
(d9: M) marker ibal by Smrr^unoelectron miicroscopy, while in the latter 
they are invested with basement membrane and demonstrate high elec- 
tron density (d8: M) on conventional electron microscopy. Note that the 
microglia (M) are distinct from the preexisting pericyte (Pe). The adventi- 
tia of DG contains neuronal progenitor ceii (Pr). d9: no counterstain, d8: 
stained with uranyl and lead. Bar. 5 jim. 
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Orthogonal projections 




Figi3!re9. The spat idi relation between BrdU"^ cell cluster and IbaT mi- 
croglia. An orthogonai projectiori corr^posing of foL^r optica! z-pianes (2 
{.im thick) shows a very ciose contact between 3rdU" neural progenitor 
ceils (red) and ibal ' microglia (green) around the proliferating blood ves- 
sels (bv). As shown in Fig. 3 (d9), blood vessels appear as an empty space 
surrounded by IbaV^ microglia (green). Bar, 10|im. 

cal z-planes (2 um thick) (Fig. 9). BrciU^ neural progenitor 
cells in the DG tend to be clustered around the microves- 
sels in close promixity to the perivascular Iba^ microglia 
(Fig. 9). Such BrdXr cell cluster was formerly shown to en- 
coiiipass newly foimed neurons [44]. Consistcrnt with the 
ultxastxuctuL'al observati.ons (Fig\ 8), these microglial cells 
encompass the microvessels,. 



7 DSCAy 

Down's syndroms^ is a major cause oi: mental retardation 
and known to be assoc^iated with c:hara.cteristic well-de- 
li tied brain abnoriTialities arising ai'ter birth., with, paiti.cu- 
lar dei'ejctis in the cortex, cerebellum and hippocampus. 
The Dscani gene maps t;o 21'q22.2q22.3, and encoders the 
neural cell adhesion molecule DSC AM, which is ex- 
pressed in the neurons of both, the central and peripheral 
nervous systems, not only during development |59j, but 
also throughout adult life [60]. Recently, Yamashima et al 
[47] found expression of DSCAM at the SGZ neural pro- 



genitor ceiis. DSGA]^/i: anci PSA-KiCAM double -positive 
immature ne'itons anci t;heir dendrites are more abundant; 
on day 15, compared to the control (Fig. 10). It is; possible 
that these two ceii adhesion molecules play a crucial role 
ibr making new synaptic contacts between newly gener- 
ated and pre-existing neurons. 

8 Mechanism of ischemic neuronal death 

As shown in Figs. 1-3, Ga-^ mobilization, calpain activa- 
tion, and lysosomal membrane disruption followed by 
cathepsiri release, all occur within the CAl sector after 
transient ischemia. Accordingly, in 1998 Yamashima al. 
[13] formulated the calpain- cathepsin hypothesis as a 
mechanism of ischemic neuronal death. Although the 
lysosomial breakdown and translocation of cathepsms and 
DNase II start from imim-ediately after ischem-ia, CAl neu- 
ronal death is not complete until day 5. This is presumably 
because lysosomal leakage becomes maximal on day 3 
(Fig. 2) and up-regulation of catiiepsin enzyme activity 
occurs after day 3 [13]. 

Calpain has been accepted to be involved m various 
disorders including not only cerebral ischemia but also 
Parkinson's disease, traum-atic brain injury, and myocar- 
dial ischemia [61]. Calpain has been dem.onstrated to be 
a potential m.olecular basis also for neuronal degeneration 
in the Alzheim.er's disease brain [62] and in cultured neu- 
rons overexpressing amyloid precursor protein [63]. The 
lysosom-al m.emibrane is essentially a physical barrier that 
prevents hydrolytic enzymes from, digesting the cell's 
constituent proteins, but its disruption and/or permeabi- 
lization can cause cell death in pathological states. De 
Duve and Wattiaux [64] originally suggested such a con- 
cept that lethal cell injury occurs as a result of release of 
hydrolytic enzymes fromi the disrupted lysosomes. Hov\7~ 
ever, unfortunately, this concept did not receive m.uch fur- 
ther attention. Over two decades later, Yam^ashim^a et al. 
[13] first proposed a cascade of calpain-induced lysosomal 




Figure 10. Postischernic up-regulation of DSCAM and PSA-NCAM in the 
SGZ. DSCAM (green) and PSA-NCAM (red) double-positive newly gener- 
ated neurons and their dendrites (arrows) remarkably increase on day 15 
after ischemia (dl5), compared to the control (C). GCL: granule cell layer. 
Bar, lOO^irn 
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rupture in the primate mociels of transient b-rain is^cheriiia, 
A recent stuciy iising C. eiegans shows that cytoplasmic 
aciciliication develops during necrosis [25j . Aciditication 
is required for ceil death; because each cathepsin en- 
zymes have an optimal pH. Although most of the cathep- 
sin enzymes function optimally at a low pH within lyso- 
somes, cathepsins B and D can conserve their activity in 
the acidic cytosoL Artal-Sanz et al. [6b] used a genetical- 
ly encoded fluorescent marker to follow lysosorne fate dur- 
ing neuiodegerieiation in vivo. Consistent with the data 
shown in P"'ig: 2, they reported that, in C. eiegans neu- 
rodegeneration, lysosomes fuse and localize exclusively 
around the swollen nucleus, with the lysosomal mem- 
brane fading. These findings in C eiegans concur with 
those in primates, and, taken together, indicate implica- 
tion of lysosomal permeabilization and/or rupture for exe- 
cuting cell death. 

The question then arises as to what is the ir-echanism 
of calpain -induced lysosomal rupture during the post- 
ischemic neuronal degeneration^ Stabilization of lyso- 
somes by calpain inhibitors or imidazoline drugs, as Vv^ell 
as inhibition of cathepsin protease activities, have been 
sho'vTO to rescue GAl neurons from the ischemic insult. 
A-Gcordingly, one possibility is that proteolysis of spectrin 
(fodrin) and its related cytoskeleton by activated calpain 
m^ay wealcen the m.echanical strength of the lysosomal 
mxembrane. As calpain contributes to cell death by cleav- 
ing essential cytoskeletal proteins of neuronal axons [55] , 
it is also possible thcit calpain acts on microtubules or 
actins that support lysosomal organelles at an early stage 
of neurodegeneration. The lysosomal mem-brane translo- 
cation, as shovv/n in Fig. 2, may reflect damage to m.icro- 
tubules or actin motors, which m.ediate movement of lyso- 
soimal organelles. Importantly, most of the known calpain 
substrates such as signaling molecules, membrane pro- 
teins, intracellular enzymes, and structural proteins, have 
been identified using in vitro calpain cleavage assays and 
do not necessarily reflect target proteins in vivo. Identifi- 
cation of intracellular calpain substrates m dying neurons 
of livilng' animals is neecied to precisely uncierstnnd the 
mechanism of lysosomal disruption. 

Another possibility is that th.e lysosomai mssmbrane 
becomes more susceptible to the additiorLai damage ex- 
erted by reactive oxygen species (ROS) [67-72]. The in- 
corporat;:Lon of molecular oxygen iiito polyunsaturated fat;- 
t:y acicis may init^iate a. cihain. of cell death-inducing reac- 
tions. F'or example, the liOS, espesciaily hydroxy] radicals, 
can prociuce functional alterations in lipids and proteins. 
It is likely th.ai; oxidative lipid damage (lipid peroxidation) 
cont.rih'Ut;es to loss of membrane fluidity, and iiicrease oi' 
m.ernbrane permeability [73]. Ksotvv'ithslxanding the major 
role played by ROS in cell integrity, the fact thai: 57-84% 
of ischemic CAl neuronal death is inhibited using 
catJriepsin inhibitors [13, 74, 75], implicates calpain- 
cathepsin cascade rather than oxidative stress as the 
more critical exe cuter for cell death. 



9 Neisrogefiesis in the SGZ but gHogenesis in 
the CAT: Why? 

VxJ^ithin tlie SGZ, progenitor cells close to the microvessels 
are recruited by unknow^n signals to divide, and their rni- 
togenic recruitment is accompanied by a concurrent an- 
giogenic response [48]. In the postischemic monkeys, 
precursors in CAl also show a proliferation in association 
with a vascular niche [46, 57]. In the CAl, however, w^e 
could never corifirrn generation of new neurons. This sug- 
gests that only an angiogenic microenvironment is not 
sufficient for adult hlppocampal neurogenesis, and tliat 
other unknown local factors are also required. In gerbils 
afrer global ischemia, the majority of BrdU"' cells migrat- 
ing from SGZ into GCL ejxpress certa.in neuronal markers, 
vv/hereas those migrating oppositely into the dentate hilus 
become astrocytes [43]. When normial neural stem/pre- 
cursor cells are injected into the DG, only those migrating 
into the SGZ differentiate into neurons, while those re- 
maining outside the SGZ generate only glia [76]. A simi- 
lar anatomical restriction was found for the miulti-potent 
stem cells transplanted into the subependymal zone and 
the rostral m-igrator^/ stream [77-79]. In the CAl, no neu- 
rogenesis occurs under normal or pathological conditions, 
but Nakatomi et ai. [80] showed in situ that activation of 
endogenous progenitors by intraventricular infusion of 
FGF-2 and EGF leads to regeneration of CAl pyramidal 
neurons after the ischemic brain injury. Certain environ- 
m^ental cues are crucial to direct cell fates of progenitors. 

As demonstrated by Louissaint et al [81] in the high- 
er vocal center of adult canaries, to promote m-aturation 
and survival of newly generated neurons, an elegant sig- 
naling net>.vork between angiogenesis and neurogenesis 
is crucial, including vascular endothelial grov/th factor 
(VEGF), brain-derived neurotrophic factor (EDNF), and 
their receptors. Briefly, subsequent to angiogenic stim.u~ 
lation by vEGF; the endothelial cells secrete BDNF: which 
presumably stimulates migrcttion of neuronal progenitor 
cells from the precursor cells and ultim.ately drives matu- 
ration and survival of the newly formed neurons [82]. Such 
feedback support o!' young nsnirons by the S5ncioth,elial 
cells is also leporteci by Leventhal et al. [83] in. adult lats: 
the vasc:ula.r endothelial cells, by secreting BDN?: support 
Gutgrovvth. and survival of newly generated neurorts aris- 
ing from the forebrain subependyma. Both in the post- 
ischemjc DG and CAl of monkeys, the itnmunors5a,ct;ivity 
of BDNF is observed within the perikarya oi" neurons. 
I-Iov/ever, the vascular adventitia, not endothelial cells, 
only expresses BDNF immunoreactavity in the SGZ and 
not in the CAl [46],. 

At present, we cannot explain, exactly why neurogen- 
esis occurs only m the SGZ, whereas CAl displays mere- 
ly gliogenesis. One ^explanation is that the precursor cells 
in the SGZ of monkeys express pro-neural transcription 
factors such as Pax6, Emx2 and Ngn2, w^nile precursors in 
CAl do not [45 i. The distinct expression of not only such 
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intrinsic factois but also 65xtrinsic: factors might be a crit- 
lc:al ciifiG renege. Another important, iactor ooiitribiitiiig to 
the SGZ/CAl neiirogenic discreparicy is probably 
DSCAM, which appears closely related to the adult neu- 
rogenesis of primates !47i. The differential expression of 
DSCAM may contribute to the distinct neurogenic poten- 
tial of precursors in SGZ and CAl. In this sence, the dis- 
covery of DSCAM in the neural progenitor cells [47] would 
provide a novel Insight for the regulation of adult neuro- 
genesis as well as uriderstaridlrig pathogenesis of Down's 
syndrome. Alternative splicing of Dscarn generates an 
enormous molecular diversity, Vvith as many as 38 016 dif- 
ferent receptors [84-86]. Such large number of structural- 
ly unique receptor isoforrns would be required to ensure 
fidelity and precision of neuronal connectivity during pro- 
genitor cell migration, synaptic matching and/or axonal 
extension not only in the fetal brain but also m the adult 
bram. 

10 Roie of microglia in the postischemic 
neurogenesis 

In both rodents [43, 87, 88! and monkeys [44, 45, 47], cere- 
bral ischemia can stimulate proliferation and differentia- 
tion of neural progenitors in the DCt. Remarkable differ- 
ences bet\'veen rodents and monkeys are the smaller 
number of progenitors and the limited extent of neuronal 
differentiation in the latter [44]. However, similarity in the 
neurogenic environment exists betv\^98n the two species. 
As shown in Fig. 9, after ischemia, SGZ microglial cells 
are in close contact with ErdU+ progenitor cells during 
maturation. This is consistent with the finding of Ekdahl 
et al. [89] using rats after the epileptic insult. These find- 
ings seem to be important in terms of clarifying the im^- 
plication of microglia m adult neurogenesis. 

Microglia cire known to be resident macrophages [90] 
and immunoeffector cells [91--93i of the brain. They are 
recognized as "a sensor of the pathological state in the 
bram" [94]. Microglia cire known to have both beneficicJ 
and det:timent;al roles for the brain. For example, in the 
normal brain, voluntary wheel running leads to a regional 
increase of newly generated cortical nnc:rogiia [95]. Such 
physiological activation of micioglia acids a nevv aspect to 
the beneficial role of mic:roglial i'unction in tjrte healthy 
brain. Accordingly, the beneficial effects of rnic^roglia 
might: be for t:he neuiorial activity and/or plasticity [96, 
97]. ]!ri contrast, activated microglia ccntribute to the i.s- 
chemic brain injuiie^s either directly via synaptic strip- 
ping anci [].euiophagia, or inciirectly through, the releasee of 
cyt;o toxins: [94^ 93] . Y'qi exanrple, alter middle cereh«ral ar- 
tery occlusion, stroke-prone spontaneously h.yper tensive 
rats sustain more ischemic damage than the rioirnoten- 
sive Wistar Kyoto rats. As a causative factor, Marks et al. 
[99] demonstrate a more pronounced microglial response 
with the inflarnrnatoiy processes to focal ischemia in the 
former rats. The release of various cy to toxins from rni- 



croglia. may induc^es lipici pero.xidatiorL, excess release of 
tran£;miti;ers and hoirn.ones, vascular leakage, edema, 
necrosis, 01 changes in ion tlow [94, 100, 101]. 

ELR^- chemokines and their receptor CXCR2 are not 
detected in the non-ischemic hippocampus. In contrast, 
immediately after ischemia, CD68^" microglial cells in- 
crease significantly, and express grovvth-regulated onco- 
gene a and other ELR'" CXC chemokines. Moreover, 
CD58-^ microglial cells also express the receptor for ELR^- 
CXC chemokines i57|. For the adult neurogenesis, mi- 
croglial activation might be a harmful microenvironrnent 
[89] by secreting cytokines such as IL-lp or IL-6, aimor 
necrosis factoi-a, nitric oxide and/or ROS [102-104]. For 
example, the inhibition of hippocarnpal neurogenesis af- 
ter irradiation is accompanied by a marked increase of mi- 
croglia within the neurogenic zone [105]. In contrast, mi- 
croglia activation after bram damage m.ay have beneficial 
effects by pronaoting release of neurotrophic molecules 
[106, 107]. Microglia have been shovvm to produce neu- 
rotrophins not only in vitro [108-112] but also in inyo [109, 
113,114]. Neurotrophins are necessar^^ to support survival 
and growth of neurons, regulating neuronal function m 
both the peripheral and central nervous s^^stemiS 
[115-119'i. In addition to protecting neurons, neu- 
rotrophins have been shown to stim.ulate proliferation of 
adult-denved neural stem cells and to instruct their dif- 
ferentiation [120-123]. 

1 1 Concf lading remarks 

ISnq hippocampal sectors, CAl and DG, show^ differential 
vulnerability to cerebral ischemia or neurogenic potential. 
CAl is sensitive to transient ischemic iniur>^ while DG is 
relatively resistant to ischemic insults. CAl lacks neu- 
ronal regenerative capacity, at least in prim.ates, while DG 
is capable of producing new neurons throughout life. Ac - 
tivation of the calpain-cathepsin cascade due to the is- 
chemic insult contributes to CAl neuronal necrosis, al- 
though apparently not in the DG, Differential expression 
ol' intxinsic (t:ransc:ription lactois) 01 extrinsic (environ- 
mental c:ues) signals in. neural precuisor cells in the 'CAl 
or DG probably contributes to the discrepancy in neuro- 
genic capacity. Icientificati on of the precise molecular sig- 
nals governing differential responses of the CAl anci DG 
neurons or progenitors to ischemic injury will provicie new 
therapeutic tatgetis to prevent or repair the ischemia-in- 
jured brain. 
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